Objective: Determine if oncolytic herpes simplex virus (oHSV) can eradicate cholesteatoma (CHST) in a gerbil model. Methods: An in vivo model of CHST was developed in Mongolian gerbils by combining Pseudomonas aeruginosa inoculation with double ligation of the external auditory canal (EAC). CHST size and bone thickness were measured using morphometric and volumetric quantification techniques via micro-computed tomography (micro-CT). The CHST induction and quantification techniques were then used in an additional group of 10 gerbils (n = 20 ears) to determine the within-group treatment efficacy of oHSV against CHST in vivo. Treated animals received either one, two, or three intrabullar injections of oHSV between 2 and 6 weeks postinduction of CHST.
INTRODUCTION
Although Duverney first described cholesteatoma (CHST) of the temporal bone in 1683, it was not until 1838 that Johannes Mueller first coined the term. 1 CHSTs have been known to be proliferative, erosive, and destructive lesions that are usually acquired but can also be congenital in origin. CHSTs cause significant morbidity and mortality worldwide as they can affect both pediatric and adult populations. While some CHSTs may be asymptomatic, they typically cause symptoms ranging from mild hearing loss and otorrhea to complete deafness, dizziness, facial nerve paralysis, brain abscess, meningitis, and even death. 2 The annual incidence is approximately 3-6/100,000 in children and 9/100,000 in adults, with a slight male predominance. 3 Based on the above epidemiologic data, in the United States alone, there may be 15,000 new cases per year, which does not include recidivistic disease.
The only available definitive therapy for CHSTs is surgery to eradicate the lesions and prevent progression. However, there is a recurrence rate ranging from 15% to 60%, depending on the age range and population studied, duration of follow-up, and type of surgery performed. 4 The high rate of recurrence is due to the difficulty of surgically removing all microscopic disease (creating residual disease) or due to recurrence of a retraction pocket and squamous debris accumulation resulting in regrowth of CHSTs. In addition to surgery, otolaryngologists also use medical management, which may reduce the growth rate of CHSTs. Nonsurgical management consists of dry ear precautions and ototopical antibiotics to stop the purulent discharge due to associated biofilm formation and infection. 5, 6 While medical management minimizes some of the symptoms associated with CHSTs, it does not eradicate the lesions or completely prevent future growth. In addition, given the high cost of surgical interventions and high rate of recidivism, CHST in developing countries can often be inadequately addressed. Therefore, there is an important need for new and affordable approaches in the treatment and management of CHSTs.
Oncolytic virotherapy (OV) is emerging as a promising therapeutic approach for the treatment of human and animal malignancies. 7 Oncolytic viruses selectively infect, replicate in, and kill the target cells while sparing normal tissues. 8 They exert their effect by direct lytic effect as well as by immunomudolation. 9 Cell selectivity has been achieved by using viruses that are not virulent in humans or via genetic engineering. 8 Although OV was first described a century ago in the French literature, it has not been until the past decade that the technique has grown in significant utilization, success, and understanding. [10] [11] [12] In fact, in 2015, the U.S. Food and Drug Administration (FDA) approved the first OV for the treatment of metastatic melanoma (talimogene laherparepvec [T-VEC]). 13 Oncolytic herpes simplex virus (oHSV) is the most commonly used vector for OV; it has been used in clinical trials for pulmonary cancer, prostate cancer, malignant melanoma, and sarcomas. In addition, it has been used for both intracranial and nervous system tumors such as gliomas, glioblastomas, and malignant peripheral nerve sheath tumors. This virus has been shown to be both safe and effective in both animal models (eg, nude mouse and monkey) as well as in pediatric and adult human populations. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] While CHST is not a true neoplasm, we hypothesized that oHSV can selectively eradicate CHST in vivo in a gerbil model based on the previous experiments in our lab indicating selective lethality of oHSV against CHST cells in vitro. 25 The rationale for using oHSV to treat CHST was based on the fact that wild-type herpes simplex virus (HSV) is a lytic virus that can infect a wide range of cells including epithelial cells (eg, herpetic gingivostomatitis and herpetic whitlow). Furthermore, CHST matrix is composed of epithelial cells. oHSV is attenuated and can be mutated to grow preferentially in dividing cells (as is found in CHST). 14, 22 Additionally, CHST is associated with bacterial superinfection and biofilm formation, which can prime the body for an immune response that is low grade and potentially chronic in nature. 5, 6 We postulate that acute oHSV infection might facilitate this immune response and lead to eradication of CHST.
In this study, we first assessed the effectiveness of our in vivo technique to induce CHST formation by inoculation of each external auditory canal (EAC) with Pseudomonas aeruginosa with ligation of the canals. We compared morphometric and volumetric analyses using high-resolution micro-computed tomography (micro-CT) to determine the most accurate method to quantify CHST size and any associated osteolytic or osteoblastic changes. Then, treatment efficacy with one to three intrabullar injections of oHSV was compared in an additional group of gerbils with induced CHST. The potential relevance of these findings may alter the clinical landscape for future CHST management as a novel and minimally invasive, postsurgical adjuvant therapy that may reduce risk of lesion progression or recurrence.
METHODS
This study was performed in accordance with the Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals, the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, and the Animal Welfare Act (7 U.S.C. et seq.). The animal use protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at our institution.
An in vivo CHST model was developed using a double EAC ligation approach in a group of 16 Mongolian gerbils (Charles River Laboratories). The general approach of using EAC ligation has been shown to create gerbilline CHSTs that are histologically identical to the spontaneous gerbilline CHSTs. The induced CHSTs simulate the human condition as they can erode the labyrinth and enter the intracranial cavity. 26, 27 The gerbil CHST model was then utilized for preliminary testing of the treatment efficacy of oHSV in an additional group of 10 gerbils.
Female Mongolian gerbils, weighing between 50 and 70 g, were anesthetized with sodium pentobarbital in preparation for the ligation procedure. An initial dose of 70 mg/kg was followed by subsequent maintenance doses of 1/3 relative to the initial dose in 45-minute intervals. The double-ligation approach was completed bilaterally to induce CHST growth. Postauricular incisions were made to access the cartilaginous portion of the EAC. The EAC was transected 2-3 mm laterally from the osseocartilaginous junction, and 20 μL of P. aeruginosa (1 × 10 4 colony forming units [CFU/mL]) was injected into the bony EAC lumen. Inoculation of the EAC with P. aeruginosa plus EAC ligation has been demonstrated to induce CHST formation in 2-6 weeks as opposed to 6 months for CHST formation with EAC ligation alone. 28 Braided silk sutures were used bilaterally for the medial and lateral EAC ligations in horizontal mattress fashion, and the skin incision was closed with interrupted absorbable sutures (see Fig. 1A ).
The inoculation solution was prepared with a strain of P. aeruginosa obtained from the American Type Culture Collection (ATCC; PA01-AC, No. 47085). The P. aeruginosa was plated on 100 mm sterile Luria broth agar plates (1.0% tryptone, 0.5% yeast extract, 1.0% sodium chloride, and 1.5% agar) and cultured at 37 C for 24-48 hours prior to being used for EAC inoculation. The solution used for EAC inoculation was made by transferring small samples of P. aeruginosa from the culture plate into a vial of RapID inoculation fluid (ThermoFisher Scientific). The specified dilution of 1 × 10 4 CFU/mL was confirmed by measuring the turbidity of the solution using a BioMate3 spectrophotometer (ThermoFisher Scientific).
The oHSV for this study was propagated in baby hamster kidney cells and then purified using standard virology techniques. Following purification, oHSV was suspended in cell media (Dulbecco's modified eagle's medium, Millipore-Sigma) and 10% glycerol (50 μL total Laryngoscope Investigative Otolaryngology 4: October 2019
Samy et al.: Oncolytic Virus for Cholesteatoma Treatment volume) and stored at −80 C until injection. The oHSV was prepared for injection by diluting it in sterile phosphate-buffered solution to a concentration of 5 × 10 6 plaque forming units per milliliter (pfu/mL). A total of 100 μL of this dilution were taken up into a 1 mL syringe with a 27G needle for injection through the bony EAC and into the bullar space (see Fig. 1B ). Six weeks following inoculation and ligation, the 16 gerbils in the model-development group were euthanized and perfused with paraformaldehyde before undergoing micro-CT imaging. The 10 gerbils in the oHSV treatment groups were sedated with isoflurane and underwent in vivo micro-CT imaging at multiple time-points. At 2 weeks post-CHST induction, all 10 animals underwent pretreatment micro-CT imaging followed by the initial bilateral oHSV injections. The five animals in the one-treatment group (oHSVx1) underwent post-treatment micro-CT imaging at either 3 weeks or 4 weeks following the single oHSV injection. The three animals in the two-treatment group (oHSVx2) and the two animals in the three-treatment (oHSVx3) groups received follow-up micro-CT imaging and oHSV injections in 1-week intervals. The final posttreatment micro-CT scans were completed 3 weeks following the last injection of the respective groups (Fig. 9A ).
The micro-CT imaging was completed with a Siemens cone-beam micro-CT unit (Tarrytown, NY) with a protocol that lasted 18 minutes and used the following parameters: 80 kilovoltage peak (kVp) tube potential, 500 microamperes (μA) tube current, and 1,050 ms integration time per stop. The images were reconstructed with 36-μm isovoxel resolution. Morphometric and volumetric analyses using Siemens Inveon Research Workplace software were then performed to determine the size of CHST and any associated osteolytic or osteoblastic changes. Reconstructed CT images were saved as tagged image file format (tiff) files for two-dimensional (2D) morphometric analysis of CHST size and the extent of bony changes using ImageJ software (NIH public domain). One representative micro-CT slice in the axial plane was chosen for morphometric analysis based on the following criteria: 1) Bony shell of the middle portion of the cochleae and/or bony ring around the modiolus within view and 2) Superior portion of the malleus within view. Quantitative analyses of CHST size were subsequently completed on a sample of 10 from the group of 16 gerbils. Morphometric size of CHST was determined by calculating the surface area in mm 2 of the gray voxels within the bullar space (which contrasts with the white pixels representing bone and the black pixels representing air-filled spaces). Surface area of the total bullar space (minus the bony area of the malleus) was measured in mm 2 , which allowed the calculation of CHST size as a percentage of the total bullar space. Width of the bony rim of the EAC was measured to estimate osteolytic changes related to the canal portion of CHST.
Three-dimensional (3D) volumetric analyses of CHST size were also completed in a subset of animals from the model-development group to visualize the extent of CHST growth throughout the bullae. Volumetric measures are hypothesized to more accurately estimate the total CHST volume compared with the 2D surface area measurements described above. The measures of CHST volume were completed by digitally labeling the gray voxels indicating presence of CHST across all CT slices using the voxellabeling tool within Siemens Inveon postprocessing software. The volume of the CHST in mm 3 is then derived by the software using a 3D compilation of the CHST masses within the gerbil bullae. CHST stage was also classified according to a modification of the Chole et al classification system (Table I) . 26, 27 Following completion of micro-CT imaging, the gerbils' skulls were inspected and dissected under a surgical microscope. During dissection, indicators of EAC and middle ear pathology and the presence of CHST were noted (eg, keratin debris, granulation tissue, presence of purulent effusion, ossicular erosion, cranial erosion, thickness of bony wall of bulla). Photographs of the bulla were captured at ×4 magnification using the iMicroscope application for iPhone (version 2.0, elklab UG).
Statistical analysis
Correlation and linear regression analyses and a Bland Altman analysis 27 were completed to assess the differences between the two quantitative measures of CHST size: 1) morphometric measures of CHST area in one representative micro-CT slice in the axial plane, and 2) volumetric measures of CHST volume in all micro-CT slices in the axial plane containing the bulla (generally 250-300 slices). The correlation and linear regression analyses were completed to assess the general relationship between the two measurement techniques. The Bland Altman analysis technique was utilized to quantify the mean difference and range of differences between the two quantitative measures. 30 This analysis technique is commonly used to compare quantitative measures obtained with a new technique to those obtained with an established measure. The Bland Altman plot also includes 95% confidence intervals around both the mean difference between the measures and around the upper and lower limits of agreement of the sample data. The key interpretation of the Bland Altman plot relates to the relationship between the 95% percent confidence interval around the mean of the difference between the measures and the line of equality (ie, zero line). Specifically, if the confidence interval around the mean difference does not include zero, the new technique is considered to be significantly biased/different compared to the established technique.
Paired-sample t tests were used to assess the withingroup treatment effects of oHSV against CHST volume in the 10 animals that received either one, two, or three injections of oHSV. Treatment response rate was also assessed according to previous research in the oncology literature that designates a given lesion as stable if there is less than a 50% reduction in size post-treatment. 31 The designator of partial response is given to those lesions that decrease in size by more than 50% but less than 100%, which would denote a complete response.
RESULTS
The double EAC ligation technique plus P. aeruginosa inoculation reliably led to CHST growth in ears within the 2-6 week time frame for gerbils in both groups. In the initial group (n = 16 gerbils, 32 ears), CHST growth was observed in 100% of ears and ranged from stage II to V 26, 27 with 63% of the gerbils exhibiting different stages across ears. Osteoblastic effects were observed in 31% of ears while only 6% of ears exhibited osteolytic effects as a result of CHST presence (see representative images in Fig. 2 ).
During the period following P. aeruginosa inoculation and EAC ligation, 50% of gerbils scratched off a portion or all of their pinnae. This observation is shown in Figure 3B and was thought to be a sign of pruritus at the site of the skin incision or a response to an infectious process triggered by the P. aeruginosa. However, the lateral sutures remained intact for 68% of the 32 gerbil ears while the medial sutures remained intact for 72% of ears. Table II provides a count of the number of ears observed within each stage for the animals in the initial CHST development group. Stage III CHST (ie, displacement of the medial portion of the tympanic membrane [TM] with CHST contact with the cochlea without involvement of the entire bulla) was the most commonly observed stage among the initial group. Stage IV CHST (ie, involvement of the entire bulla) was the second most common stage observed for the initial group. Two-dimensional analysis in ImageJ revealed thickening of the bulla in 25 of 32 ears while minimal osteolytic effects were observed. The arrowheads in Figure 2B , 2C point out regions of bullar thickening following CHST induction. The long arrow in Figure 2C indicates a region of erosion of the cochlear bony wall with CHST involving the entire bulla.
Of the 16 gerbils that underwent P. aeruginosa inoculation and EAC ligation, a subset of 10 were chosen for comprehensive morphometric and volumetric analysis using the Siemens Inveon Research Workplace software. Figure 4A , 4B represents the morphometric and volumetric micro-CT analyses, respectively. Figure 4B illustrates the 3D compilation of the micro-CT scans overlaid with the software-generated CHST masses based on the digital labeling in red for the CHST in the right bulla and in blue for the CHST in the left bulla. Figure 5A , 5B shows the summary of the morphometric and volumetric analyses for the sample of 10 gerbils from the initial group. The morphometric measures (Fig. 5A ) generally overestimated CHST size in the majority of gerbils when compared to the more comprehensive volumetric measures (Fig. 5B) . The maximum overestimation is near a factor of 2 (eg, Gerbil 4, left ear) while the maximum underestimation shows the morphometric estimate to be less than half the volumetric measure (eg, Gerbil 5, right ear).
Linear correlation analysis of the two quantitative measures (Fig. 5C ) indicated that the morphometric measures of CHST area are significantly correlated with the volumetric measures of CHST volume (r 2 = 0.56, P < .05). However, the y-intercept of the equation that describes the relationship (y = 0.54x + 17.83) suggests that the measures differ by at least 17.83%. In addition, the r 2 value of 0.56 indicates that the morphometric measure of CHST area only explains 56% of the variance in the volumetric measures.
To characterize the mean difference and the range of agreement between the two quantitative measures, a . Correlation analysis in panel (C) revealed a significant positive correlation between the two measures, although significant scatter around the regression line is noted as well as the departure from unity (dotted line). The Bland Altman plot in panel (D) indicates that the difference between the two measures is just over 10% on average (mean difference line), but could also be overestimated by 66% (upper boundary of upper limit of agreement) or underestimated by −45% (lower boundary of lower limit of agreement). CHST = cholesteatoma. Bland Altman plot was constructed (Fig. 5D ). The mean difference according to this analysis was 10.63% (indicated by solid horizontal line in Fig. 5D ) and the 95% confidence interval around that mean difference (gray area) does not include the line of equality (zero line indicated with dotted line in Fig. 5D ). This finding indicates that the CHST area measure is significantly biased/different from the volumetric measures. The upper and lower limits of agreement (dashed lines) along with their respective confidence intervals indicate that the magnitude of the error of the morphometric CHST area measure could be as high as 66% (ie, overestimation) and as low as −45% (ie, underestimation). Figure 6 shows the calculations of width of the bony EAC in animals in the initial group with CHST as a ratio relative to the width of the bony EAC of normal control animals. This metric has been used by Chole and colleagues to gauge the osteolytic effects of CHST. 14 The trend in the plot suggests that the magnitude of osteolytic changes within the EAC increases as the CHST increases from stage II to stage V. 
oHSV Treatment Groups
The micro-CT scans at four different time-points for one representative animal in the oHSV treatment group that received three oHSV injections are presented in Figure 7 . The pretreatment scan (ie, 2 weeks following P. aeruginosa inoculation and EAC ligation) shows stage IV CHST occupying the entirety of both bullae (Fig. 7A) . The following micro-CT scan at 1-week following the first injection of oHSV (oHSV1; Fig. 7B ) indicates minimal effect of the treatment in the left bulla. The image in Figure 7C was acquired 1 week following the second oHSV treatment (oHSV2) and shows the emergence of air pockets within the bullae, which corresponds to a decrease in CHST volume. After a third oHSV treatment (oHSV3; Fig. 7D ), the volume of the CHST in both bullae decreases further. The regions of osteolytic changes and the regions of osteoblastic response are improved after oHSV treatment. Figure 8A , 8B shows the 3D compilations of the micro-CT scans overlaid with the volumetric measures of the CHST for the same animal whose images are shown in Figure 7 . The volume of the CHST decreased by 72% following three treatments with oHSV (panel B) relative to the pretreatment CHST volume (panel A). In addition to this substantial reduction in CHST volume, the thickness of the bulla at 3 weeks post-oHSV3 (Fig. 7D) is nearer that of the pretreatment scan (Fig. 7A ). Postimaging and posteuthanasia dissection of the bulla (Fig. 8C ) revealed a small residual CHST mass with the cochlear and bullar bone similar in appearance (ie, pinkish-white) to those of control animals. Fig. 9 . Preliminary evidence suggesting treatment efficacy of oHSV against CHST. CHST volume decreased by as much as 70% and the majority of ears changed from stage IV to stage III following one, two, or three oHSV treatments (plots in panel A). Within-group statistical analyses of pretreatment (pre-Tx) versus post-treatment (post-Tx) effects revealed statistically significant reductions in CHST volume for all three treatment groups (panel B; *P < .05; ***P < .001). Panel (C) indicates improvement in treatment response rate as the number of treatments increases. CHST = cholesteatoma; oHSV = oncolytic herpes simplex virus; Tx = treatment.
Preliminary evidence for the efficacy of oHSV against CHST is illustrated across the oHSVx1, oHSVx2, and the oHSVx3 treatment groups in Figure 9A . Overall, treatment with oHSV reduced CHST volume (measured with the volumetric technique) by 20% or more in 85% (17/20) of the ears treated. This reduction of CHST volume is also indicated by the large majority of the ears changing from a classification of stage IV pretreatment to stage III post-treatment (see Table I ). CHST volume reductions as great as 70% were observed among a portion of the ears receiving one, two, or three injections of oHSV. In three of the four ears (75%) of the gerbils receiving three oHSV treatments, an apparent reversal of osteoblastic effects was also observed.
The results of the paired-sample t tests indicate significant reductions in CHST volume for the oHSVx1, oHSVx2, and oHSVx3 treatment groups. The calculations of treatment response rate in Figure 9C are based on the count of ears above (ie, stable) versus below (ie, partial response) the gray line of 50% across the three plots in Figure 9A . This criterion of treatment effect is used in the oncology literature to discuss immunotherapy because it has shown to be clinically meaningful in that those individuals who achieve a 50% tumor reduction (partial response) have a high probability of survival. 31 The trend observed in Figure 9C suggests an increase in ears with >50% reduction in CHST volume as the number of treatments increases.
DISCUSSION
In this pilot study using a gerbil model of CHST, our technique of P. aeruginosa inoculation plus double-EACligation reliably induced and expedited CHST formation. CHST size and associated bony changes were reproducibly measured and quantified using morphometric and volumetric techniques as noted by high-resolution micro-CT. Following oHSV treatment, a decrease in CHST volume was seen as was reversal of osteoblastic effects. Our novel application of oHSV to treat CHST yielded encouraging preliminary findings, suggesting its possibility as a future alternative to traditional surgical therapies.
OV is emerging as a promising new therapeutic approach for human cancer treatment. 14 Numerous viruses have been utilized, including reovirus, adenovirus, vaccinia virus, and oHSV. oHSV was the first genetically engineered virus to be used for OV, as reported in 1991; this particular mutant virus is a thymidine-kinase negative variant that was initially utilized in human glioma cell lines (including an astrocytoma and a glioblastoma) as well as in a nude mouse model. 32 This virus showed the ability to replicate in actively dividing cell lines (ie, tumor) while being impaired to replicate in nondividing cells or in a control mammalian nervous system. 14, 22 In the nude mouse model of glioma, oHSV treated tumors were significantly smaller than control tumors by day 26 after injection. Thus, arming an oncolytic virus with therapeutic genes has demonstrated enhanced antitumor effects. 33 Since the initial oHSV experiments in 1991, attenuated oHSV mutants engineered with deletions of normally critical genetic functions that are dispensable in cancer cells are being actively pursued as novel therapeutic agents by many investigators and pharmaceutical companies. 24 The goal is to enhance OV efficacy by arming the chosen virus with therapeutic transgenes suited for the particular tumor being treated. 34 There are numerous encouraging reports of early phase clinical trials exploring the safety of administering variety of attenuated oHSV mutants to humans by intracranial, intralesional, and hepatic artery routes. 17, 35, 36 Systemic routes of OV administration are felt to be of importance in metastatic disease. 32 All of the OV studies completed thus far have confirmed safety at the doses tested with no serious adverse events reported. In 2013, Amgen reported initial positive results of the first phase III trial of T-VEC, an oHSV expressing granulocytemacrophage colony-stimulating factor used for the treatment of metastatic melanoma. 37 Based on the initial safety and subsequent efficacy (with regression in injected lesion size and distant metastases), the FDA approved the drug for clinical use. 38 The application of oHSV to treat a benign disease such as CHST is novel. According to a search of the current literature, we are the first to use OV for eliminating benign CHST cells as an alternative or adjuvant to a traditional therapy (ie, surgery). 25 Because CHST is not a true neoplasm, unlike the other tumors for which OV has been used, only local (and not systemic) therapy is all that is indicated. Thus, this treatment may be best for microscopic disease after surgical treatment or when the disease burden of CHST is limited (eg, pars flaccida retraction pocket with early CHST formation). As opposed to concern about resistance to therapy in the treatment of malignancies, patients with CHST can continue to have multiple surgeries for recurrent disease. However, there is the risk of significant iatrogenic injury, particularly in inexperienced hands. Additional studies of oHSV and other types of OV for CHST may show that combining OV with medical therapy (eg, ototopical and/or systemic antibiotics and steroids) may reveal synergistic and additive effects, as has been demonstrated with OV in other tumors.
CHST can be dangerous due to complex and multifactorial mechanisms. They have the ability to cause bone erosion due to concomitant granulation tissue and involved inflammatory response involving mediators and cells such as macrophages, monocytes, osteoclasts, and mast cells. At the cellular level (ie, the level of the tumor microenvironment), cytokines and nitric oxide are involved. 39, 40 These cytokines include epidermal growth factor, tumor necrosis factor, and interleukins and work in conjunction with nitric oxide to activate osteoclasts and result in bone destruction, which can eventually lead to deafness, dizziness, facial palsy, and/or intracranial involvement. In addition, lipopolysaccharides, which are found in bacterial cell walls, have been found in higher concentrations in CHSTs with bone erosion as compared to CHSTs without associated bone erosion. 41 While CHST surgery has advanced and evolved over the past 100 years, including the use of laser or endoscopic techniques in addition to standard microscopic techniques (eg, canal wall up or down mastoidectomy with or without mastoid obliteration), recidivism is a significant concern. 29,42-45 Creating a minimally invasive and relatively affordable option may simplify and provide substantial advantages in combination with the current surgical treatment by providing a targeted and novel treatment strategy. 15 CHST occurs primarily due to a lack of growth control involving the skin of the EAC and the epidermal layer of the TM. 29 Gerbils are an ideal model for translational research on CHST as they are the only nonprimate animals that have been shown to spontaneously grow CHST. 27 Similar to humans, the gerbil CHST is caused by an accumulation of keratin on the TM that advances medially, leading to bone resorption. While staging of gerbil CHST was performed in the past by opening the bulla, micro-CT has been shown more recently to noninvasively identify the extent of CHST in the bulla. 28 Although gerbils can spontaneously form CHST, EAC ligation has been shown to expedite growth, usually within 3-6 months. 27 Furthermore, the addition of P. aeruginosa can more rapidly create CHST that are typically larger and more destructive, usually within 6 weeks. 28 Overall, the doubleligation plus P. aeruginosa inoculation technique was highly successful in inducing CHST in gerbils. Given that a slightly larger percentage of lateral ligations remained intact compared with medial ligations, there is a relative advantage of the double-versus single-ligation approach. 28, 45 The 3D volumetric analysis provides high-resolution assessments of CHST volume that will be useful in precisely evaluating the effect of treatment with oHSV on CHST growth and the resultant osteolytic and osteoblastic processes in future experiments.
While numerous viruses have been used for OV, we chose an attenuated HSV-1 mutant due to our prior experience with this virus in the intracranial compartment. HSV-1 has 89 genes and is a 152 kb, double-stranded DNA virus. It is a neurotropic virus, which may make it particularly useful for cancers of neural origin, but it can still be used for a variety of other tumors. 15 Approximately 30 kb of the HSV genome is nonessential; thus, foreign DNA can be included without affecting the ability of the virus to replicate, particularly in tumor cells. These vectors can be genetically engineered and express numerous foreign transgenes which are shown to preferentially replicate and spread in tumor cells. 4 In addition, from a safety standpoint, readily available antivirals (eg, valacyclovir, acyclovir, vidarabine, or foscarnet) can be used to eradicate the mutant HSV if there is any concern about toxicity in the host. 15 Fortunately, these viruses are attenuated; thus, antivirals have never been needed in the hundreds of patients treated to date in clinical trial or following TVEC approval.
In the current study, we have shown CHST volume reduction of up to 77% as well as reversal of both osteolytic and osteoblastic effects after treatment with oHSV. We suspect that oHSV selectively infected and replicated in CHST cells, resulting in CHST cell lysis. However, the true mechanism is currently unknown and requires further study and evaluation. Prior research from our labs has shown the ability of oHSV to preferentially eradicate CHST in vitro as opposed to control cells. 25 We hypothesize that oHSV replicates efficiently in CHST cells and increases intracellular cytotoxicity, which results in the destruction of CHST cells.
One advantage of oncolytic viruses is their ability to replicate selectively within tumor tissue, thereby amplifying the initial dose. Indeed, we observed substantial reduction in CHST volume after the first oHSV treatment. This may be related both to inherent oHSV lytic activity and cytotoxicity as well as to immunomodulation. Humoral and cellular immune responses are involved that not only help eradicate CHST cells infected by oHSV, but also uninfected CHST cells (also known as a bystander effect). The four overlapping mechanisms of CHST and tumor cell death by OV are presumed to be: 1) direct cellular lysis, 2) cytokine and chemokine-induced apoptosis, 3) innate immune cell cytotoxicity, and 4) adaptive antigen-specific, T-cell antitumor responses. All of these mechanisms depend on the tumor microenvironment. The goal is to maximize the therapeutic effects of OV and minimize the side effects. A greater knowledge about CHST biology will allow us to better understand the direct and indirect components and actions of OV. There are also numerous differences in mechanisms of action between different viruses as well as differences between different tumor types and different animals tested. 10 Thus, the mechanisms above may vary with a human CHST as opposed to a gerbil CHST.
Failure of oHSV and in general, OV, can be due to a variety of reasons: 1) host antiviral responses from the immune system; 2) tumor type variability; and 3) tumor microenvironment. Susceptibility to oHSV infection correlates with the expression of the HSV receptor on host cells. As further research is performed, our group will assess the maximum efficacy of this treatment (eg, volume of CHST tissue in which this therapy would not work well) as well as whether it needs to be combined with other therapy, such as antibacterial agents, which could reduce the concurrent biofilm formation and infection. These further steps could potentially improve the specificity and efficacy of oHSV against CHST in the future.
The limitations of this study include a relatively small number of animals. In future studies, we plan to increase the number of animals evaluated, particularly to determine the mechanism of action of oHSV against CHST. Debulking of CHST lesions (as would occur in the operating room) followed by oHSV treatment may improve the impact of OV on CHST. This was not addressed in our current study. In addition, while we have preliminary, pilot efficacy data (ie, we chose to focus on efficacy before safety), we have limited data on safety and neurotoxicity. The goal is to use lytic viruses to destroy CHST while avoiding damage to normal cells, such as those of the facial nerve, the auditory and vestibular systems, and neurovascular tissue. 10 We plan to assess for signs of involvement of neurovascular tissues (eg, histopathologic specimens of the facial nerve and brain tissue adjacent to the bulla as well as normal middle ear mucosa and normal epithelial cell of the EAC and TM). We also plan to monitor auditory function via boneconduction auditory brainstem response measures. Acoustic stimulation via bone conduction is needed to bypass the conductive attenuation of the ear canal ligation and presence of the CHST. Vestibular function will also be assessed through gait analysis in future studies.
Another limitation of the study is the use of micro-CT to assess bullar involvement by CHST. It is possible that some of what is noted on the scan is actually concomitant infection or effusion and not all CHST, as noted in the gross pathologic evaluation of the bullar specimens (Table II) . Future studies will include the use of diffusionweighted imaging magnetic resonance imaging scans to better assess intrabullar contents.
CONCLUSION
An OV, in this case oHSV, has been shown to have significant effect on the destruction of CHST in an in vivo gerbil model. oHSV treatment reduced CHST volume by as much as 77% with as little as one injection. Further in vivo research will be needed to elucidate if and when this treatment is most effective as well as safe. The ultimate goal is to proceed to a human clinical trial, with the goal of developing a biologic cure for CHST. Particularly after surgery, oHSV could provide the first minimally invasive, postsurgical adjuvant therapy for CHST to minimize the risk of recurrence, a potentially novel and revolutionary modality in the treatment of CHST.
